. This analysis generated genetic maps of 48.8 pairs of fusion chromosomes composed of two or even cM for mnT12 and 50.1 cM for eT6 for the assayed three whole chromosomes enjoy but a single crossportions of the fusion chromosomes. Since the markers over in the majority of meioses. This regulation can used spanned 85%-90% of the total physical length of operate over physical distances encompassing half the chromosomes assayed, we estimate a total genetic the genome. The meiotic behavior of heterozygous length of 54 cM for mnT12 and 59 cM for eT6; this fusion chromosomes further suggests that continuous estimate assumes that the frequency of recombination meiotic chromosome axes, or structures that depend in the unassayed terminal portions of the chromosomes on properly assembled axes, may be important for is similar to that of the chromosome as a whole. Remarkcrossover regulation.
the likelihood of crossing over and is consistent with an organismal preference for off-center exchanges.
We also determined the genetic map length of a threechromosome fusion in the homozygous state (meT7: III; X; IV). meT7 is 48.9 Mb long and comprises almost half of the genome on a single chromosome (Figure 1 ). We used a modified mapping procedure that permitted simultaneous scoring of four markers to assess recombination in three intervals in a single cross ( Figure 2C ). Whereas the mapping procedure used to generate the two-chromosome fusion maps was designed to sample the large numbers of meioses required for precision in measuring small intervals, the modified method used for meT7 was designed to enable detection of possible multiply exchanged chromosomes.
Despite consisting of three whole chromosomes and comprising almost half of the genome, the measured genetic length of meT7 was only 54 cM. As the markers used span 88% of the chromosome, some chromosomes likely had crossovers in the unassayed region. By assuming that the frequency of crossing over in the terminal regions was similar to that of the chromosome as a whole, we estimate a total map length of 61 cM for meT7. This map length, coupled with a low incidence of E 0 meioses (assayed cytologically) in meT7 homozygotes (1/189), implies that in the majority of meioses, the three-chromosome fusion receives only a single changes in the adjacent intervals 1 (the smallest interval) and 2 were underrepresented (p ϭ 0.0021). The nonindequency of crossing over per unit of DNA, several addipendent behavior of the different intervals implies that tional features of the two-chromosome fusion maps when two exchanges do occur, they are still governed were notable. Each of the C. elegans autosomes has a by an interference mechanism that acts along the length centrally located, gene-dense cluster in which recombiof meT7 to discourage nearby double exchanges, renation is greatly depressed compared with the chromosulting in a wide spacing between coincident crosssome average [11, 12] ; during wild-type meiosis, the vast overs. Taken together, these results indicate that the majority of autosomal crossovers occur in the regions chromosome-wide interference mechanism that limits flanking these clusters, within 25%-35% of chromomeiotic crossovers is capable of acting over half the some length from a chromosome end. We found that genome. the low frequency of recombination per unit of DNA Having demonstrated the existence of a robust, chrocharacteristic of the chromosome IV cluster was remosome-wide interference mechanism that limits the tained in the fusion chromosomes, despite the region number of crossovers along a chromosome pair in C. now being located proportionally closer to a chromoelegans, we sought to further investigate the nature of some end. This suggests that repression of recombinathe functional unit upon which this mechanism operates. tion in the cluster may be conferred largely by local Specifically, we examined meiosis in animals heterozysequence intrinsic features. We also found evidence gous for fused and unfused chromosomes. for chromosomal position effects influencing crossover
We assessed chiasma formation, a cytological readfrequency. Since the X chromosome portion of the fuout of meiotic crossing over, in hermaphrodites heterosion is inverted in mnT12 relative to eT6, we could comzygous for mnT12 and one copy each of unfused IV and pare recombination in the dpy-6 unc-3 interval (Figures X (Figure 3A) . During early and mid-prophase, both the 2A and 2B) in two different locations. The genetic length IV and X segments pair as efficiently in mnT12 This study demonstrates that during C. elegans meiosis, fusion of two or three whole chromosomes apparently mnT12 heterozygotes, diakinesis nuclei with five DAPIstained bodies (indicating that crossing over had ocremoves the requirement for placing a chiasma in each of the constituent chromosome segments. We found curred between mnT12 and both X and IV) comprised 55% of the total, while nuclei with six DAPI-stained bodthat most fusion chromosome pairs in homozygous worms undergo only a single crossover event over a ies (presumably reflecting meioses with crossovers between either X and mnT12 or IV and mnT12, but not length of chromosome that would normally enjoy two or three crossovers, indicating that the cell perceives both) comprised 45% of the total. These data suggest that, when heterozygous, mnT12 and its cognate unthe fusions as single chromosomes and is no longer obliged to form two or three crossovers. Moreover, mulfused partners enjoy two (or more) crossovers in roughly half of meioses and may undergo only a single crossover tiple crossovers are actively discouraged: although it is clear that these chromosomes can readily and reproin the remaining half of meioses. These data can be used to estimate a minimum genetic map length of about ducibly accommodate two or three crossovers in the unfused state, such multiple events are infrequent on 78 cM for heterozygous mnT12, indicating that heterozygosity for mnT12 results in an increased frequency of the fusion chromosomes. The fact that removing the obligation for multiple crossovers is accompanied by crossovers relative to mnT12 homozygotes.
In addition, we measured crossing over between SNP such a marked reduction in the incidence of multiple crossovers indicates that the fusion chromosomes are markers located near opposite ends of chromosome IV in males heterozygous for mnT12 and one copy of being treated as single chromosome units with regard to both obligate chiasma and crossover interference and unfused IV ( Figure 3B ). The frequency of recombination in these heterozygotes (40%, 35/87) was not signifimay reflect an underlying mechanistic linkage between these two facets of crossover control. cantly different from that in control males (49%, 34/69); these data suggest that the partnerless X portion of Is there an evolutionary advantage imparted by crossover interference per se? It is possible that widely mnT12 does not reduce the overall frequency of crossing over on the IV portion.
spaced crossovers might confer a favorable orientation of bivalents on the meiosis I spindle that imparts a selecWe also measured crossing over between SNP markers located near opposite ends of both chromosomes tive advantage. Alternatively, the tendency for wide spacing between coincident crossovers may instead be III and IV in males heterozygous for meT7 and one copy each of unfused III and IV ( Figure 3C ). In these animals, a secondary consequence of the chromosome properties that ensure obligate exchange. unfused III and IV can pair and recombine with meT7, while the X portion of meT7 remains partnerless. UnWhat is the functional unit upon which crossover control mechanisms operate -that is, what qualifies to fused III and IV segregate efficiently from meT7 in these animals (see Experimental Procedures), suggesting that be recognized as a "chromosome"? Since analogous phenomena operate in diverse organisms over physical chiasmata may form on both the III and IV segments in each meiosis. Recombination data support this concludistances that differ by several orders of magnitude, it is unlikely that the unit corresponds to the DNA molecule sion: recombination frequencies for the chromosome III interval (48%) and the chromosome IV interval (41%) in per se. Instead, our observations provide support for the idea that the unit upon which chromosome-wide the meT7 heterozygote males were statistically indistinguishable from those in control males (46% and 49%, crossover control mechanisms operate may correspond to a region capable of continuous homologous synaprespectively), consistent with each of the autosomal portions of the fusion enjoying a crossover in each meiosis. sis -that is, a region capable of assembling the meiosis-specific synaptonemal complex (SC) structure conIn addition, the frequency of chromosomes with crossovers on both the III and IV portions (20%) was not necting the axes of aligned homologous chromosome segments [8, 21] . The fact that hermaphrodites heterodifferent from that expected if crossovers on III and IV zygous for mnT12 enjoy chiasmata in both segments in occurred independently, suggesting a lack of interfersome meioses and in only one segment in others sugence across the partnerless X portion of the fusion.
gests that the presence of an axial discontinuity on only one partner "chromosome" can partially, but not comDiscussion pletely, disrupt the ability to communicate the presence of a (nascent) crossover and/or to discourage others in Meiotic crossovers and chiasmata are nonrandomly disresponse. Further, in meT7 heterozygous males, where tributed in many organisms, a phenomenon that has homology between the fusion chromosome and its unbeen appreciated for decades. One manifestation of fused counterparts is interrupted by a partnerless X nonrandomness is the relative rarity of E 0 chromosome chromosome segment, the two chromosome segments pairs, reflecting the formation of an "obligate chiasma" with homologous partners apparently each enjoy a chi- [8, 14] . A second manifestation of nonrandomness is asma in every meiosis; this suggests that each of these crossover or chiasma interference, the tendency of a segments may be treated separately as a "chromo-(nascent) crossover event in one region of a chromosome" unit by the crossover control system. Absence of interference between crossovers on the III and IV some to discourage the formation of other crossovers data) is required to communicate the status of recombination events. However, this result is also consistent with models wherein crossover regulation is conferred by properties inherent to the meiotic chromosome axis per se and does not require SC polymerization [22] , since the X chromosome is known to be heterochromatic during male meiosis [23, 24] and its axis appears to differ in organization from those of the euchromatic autosomes (K.J.H., unpublished data). Indeed, preliminary results from our lab indicate a role for properly constructed axes (and/or SC structures that depend on proper axis morphogenesis) in conferring crossover interference in C. elegans (Nabeshima and K.J.H., unpublished data).
The idea that meiotic chromosome axes or SC might represent relevant functional units for crossover regulation is consistent with several independent correlative observations. For example, organisms such as S. pombe that lack continuous axial structures and SCs also lack crossover interference [ to one per chromosome pair. Moreover, our results demonstrate that crossover control mechanisms can operate across fusion chromosomes much larger than any segments in meT7 heterozygous males might be interpreted as evidence that mature SC structure (which chromosome normally present in the wild-type organism. Together, these findings indicate a remarkable cadoes not form on the X in males; K.J.H., unpublished by comparing the observed incidence of doubles to the expected incidence determined by multiplying the individual frequencies. The Experimental Procedures fit of the overall distribution of crossovers in our data set to a model assuming independent behavior of all intervals was assessed by Except where noted, the strains and markers used were derived using a Pearson's -square test to evaluate all classes simultanefrom the standard C. elegans strain Bristol N2.
ously; this yielded a p value of 0.0002 (for 4 degrees of freedom).
Recombination Frequencies in Males Fusion Chromosomes
mnT12 or meT7 homozygous hermaphrodites were mated to C. elegans chromosomes are holokinetic [37, 38] , so end-to-end CB4856 males to derive male progeny with one copy of the fusion chromosome fusions are stable in mitosis and meiosis. Since meichromosome and one copy each of the CB4856-derived autosomes. otic nondisjunction leads to the production of inviable aneuploid These males were mated to unc-3 (N2) hermaphrodites, and nonembryos, success of meiotic segregation in fusion homozygotes Unc hermaphrodite progeny (which will have inherited the fusion was assessed by determining the frequency of inviable embryos chromosome from their fathers) were collected and scored for the produced. Wild-type hermaphrodites produce Ͼ99% viable progindicated SNP markers. pkP4049 and pkP4024 are 14.7 Mb apart eny, indicating accurate chromosome segregation during meiosis.
(91% of the physical length of IV). pkP3045 and pkP3075 are 11.4 mnT12 and eT6 homozygotes also produce Ͼ99% viable progeny Mb apart (84% of the physical length of III). 
